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Plastic potential: how the phenotypes and adaptations
of pathogens are influenced by microbial interactions
within plants
Kayleigh R O’Keeffe1, Ignazio Carbone2, Corbin D Jones1,3 and
Charles E Mitchell1,4Predicting the effects of plant-associated microbes on
emergence, spread, and evolution of plant pathogens
demands an understanding of how pathogens respond to
these microbes at two levels of biological organization: that of
an individual pathogen and that of a pathogen population
across multiple individual plants. We first examine the plastic
responses of individual plant pathogens to microbes within a
shared host, as seen through changes in pathogen growth and
multiplication. We then explore the limited understanding of
how within-plant microbial interactions affect pathogen
populations and discuss the need to incorporate population-
level observations with population genomic techniques. Finally,
we suggest that integrating across levels will further our
understanding of the ecological and evolutionary impacts of
within-plant microbial interactions on pathogens.
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Introduction
Plants are host to a diverse set of mutualistic, commen-
sal, and parasitic microbes, referred to collectively as the
phytobiome. The microbes (bacteria, fungi, and viruses)
of the phytobiome live in, on and around their plant
hosts. Historically difficult to interrogate – largely
because work was limited to identifying microbialspecies by symptoms or by using culture-based methods
– the composition, dynamics, and functional biology of
the phytobiome are now being revealed by next-gener-
ation sequencing technologies [1].
Within the phytobiome, plant pathogens are among the
best-studied microbes due to their negative impacts on
their hosts. Infectious disease has historically been stud-
ied in a one host-one pathogen framework, but the field –
thanks in part to next-generation sequencing [2] – is now
appreciating the role and complexity of within-host
microbial interactions. Within a shared host, pathogens
may interact by directly facilitating or interfering with
each other, or indirectly, mainly via host resources or the
host’s immune system [3]. Different plant pathogens may
stimulate different signaling pathways, and the cross talk
between such pathways can affect overall disease. Addi-
tionally, plants can attain bacteria-induced systemic
acquired resistance (SAR), induced systemic resistance
(ISR) or induced systemic susceptibility (ISS), in which
prior infection or treatment results in increased resistance
or susceptibility to subsequent invasions by pathogens
[4,5]. Pathogens may also interact with non-parasitic
microbes within the plant [6,7].
A key question in infection biology is how do these
interactions shape pathogens in both the near and long
term? Do the plastic responses of individual pathogens
affect pathogen population genetic structure, altering
their adaptability? Phenotypic plasticity is the ability
of one genotype to express different phenotypes in
different environmental contexts—an ability that is
under genetic control and heritable [8]. For example,
fungal pathogens such as Mycosphaerella graminicola and
Rhynchosporium commune have been shown to exhibit
phenotypic plasticity in growth rate and response to
different temperatures [52,53]. Evolutionary theory jux-
taposes genetic responses against plastic responses; how-
ever, there is conflict among both theoretical and
empirical studies as to the direction of the connection
between adaptive plasticity and evolution [9].
Studies that offer insight into a system on multiple levels
of biological organization can help resolve this tension.
Here we consider how microbial interactions shape plant
pathogen growth and multiplication within individual
plants and subsequent transmission between plants.
We emphasize that an understanding of plastic and
genetic responses is critical at two key levels: the patho-
gen individual and the pathogen population. With a focus
on fungal pathogens, we examine what we have learned
about within-plant microbial interactions and disease
from each of these levels while stressing the plastic
responses of individual pathogens and genetic responses
of pathogen populations to microbial interactions. Finally,
we emphasize the novel insights that can be gained by
integrating studies across levels.
Individual-level plasticity
Microbes are known to be major drivers of shifts in plant
phenotype [10]. As noted above, pathogens induce com-
plex defensive signaling pathways in plants [11,12], and
beneficial microbes such as arbuscular mycorrhizal fungi
facilitate increased nutrient uptake in plants [13], which
in turn alters the plant’s physiological components. Less
attention has been given to the plastic responses of plant
pathogens to other components of the phytobiome, and
how those responses, in turn, affect the infection process
and consequent disease progression.
The best data on responses of pathogens to microbial
interactions is from agriculturally important systems. This
work suggests that specific interactions can alter the
phenotypes of pathogens. For example, one fungus
infecting maize, Fusarium verticillioides, modulates the
growth of a maize fungal pathogen, Ustilago maydis, con-
sequently decreasing the aggressiveness of U. maydis
towards its host [14]. Transcriptomic analyses of F.
verticillioides and U. maydis grown together in liquid
culture suggests that U. maydis responds to F. verticillioides
through the overexpression of siderophore biosynthetic
genes and genes involved in toxin synthesis [15]. The
interaction also results in the shutdown of antifungal
metabolites like ustilagic acid in U. maydis. The pheno-
typic response of U. maydis to F. verticillioides is, therefore,
genetically controlled, although its heritability has yet to
be estimated. These findings suggest that U. maydis
responds plastically to coinfection with F. verticillioides.
Interactions also occur indirectly between coinfecting
pathogens through the defense pathways of the plant
host. Plants respond to enemies with different infection
strategies through different defense pathways, and cross
talk between these pathways when two different patho-
gens infect a plant simultaneously can result in antago-
nism or synergism between the pathogens [16]. Necro-
trophic pathogens, which kill host cells to feed and
reproduce, induce defenses mediated by jasmonic acid.
Biotrophic pathogens, which feed and reproduce on live
host cells, induce defenses mediated by salicylic acid.
Spoel et al., [17] showed that salicylic acid-mediated
defenses induced by the bacterium Pseudomonas syringae
made Arabidopsis thaliana more susceptible to infection
by the necrotrophic fungal pathogen Alternaria brassicolaby suppressing the jasmonic acid signaling pathway.
Disease symptoms from A. brassicola progressed more
quickly, and A. brassicola produced more spores when
the salicylic acid pathway suppressed the jasmonic acid
pathway. Plastic responses to microbial interactions can
therefore occur through indirect means. Although genes
expressed by A. brassicola during infection of A. thaliana
have been characterized [18], the genes that specifically
respond to the presence/absence of jasmonic acid still
need to be characterized to determine if this phenotypic
response is genetically controlled [19].
To date, studies investigating the role of within-plant
microbial interactions on plant pathogens primarily focus
on phenotypic effects. In order for plasticity to be fully
understood, the underlying genetic mechanisms control-
ling these differences need to be considered. As seen with
the Ustilago—Fusarium example, gene expression studies
are a powerful tool for assessing if phenotypic changes in
response to biotic or abiotic factors are genetically con-
trolled and give insight into what the controlling genetic
mechanisms are. Characterizing gene expression in in
vitro confrontation assays, though informative, can miss
interactions that are mediated by the host. Adame-
Álvarez et al. [7], for instance, investigated the effect
asymptomatic endophytic fungal strains had on patho-
gens both in vitro and in planta. While in vitro confronta-
tion assays between endophytes and three pathogens
consistently showed symmetric reciprocal effects, in
planta experiments revealed that these effects varied
depending on the order of the arrival of the endophyte
and pathogen on their shared host. One solution to the
challenges of characterizing molecular mechanisms of
plastic responses is to simultaneously characterize gene
expression of both organisms in situ. Dual RNA-seq,
sequencing host and pathogen transcriptomes in parallel,
has the potential to meet this need [20] and can be
applied to the frequent cases of host tissue infected with
more than one microbe.
Pathogen population
In contrast to near-term plastic responses in pathogen
individuals, long-term changes within pathogen popula-
tions are thought to demand evolved responses. The
evolutionary forces shaping plant pathogen populations
can determine a pathogen’s evolutionary potential and
predict its ability to shift hosts, expand its range, and
emerge as a disease-causing agent [21,22]. Within-host
microbial interactions may impact the evolutionary
dynamics of pathogen populations, but few population
genetic studies have focused on how interspecific micro-
bial interactions affect the evolution of plant pathogens.
Application of population genetic techniques to plant
pathogen populations can address other questions related
to the evolutionary and demographic processes shaping
population structure. For example, these techniques can
elucidate the processes driving or constraining the
divergence of closely related taxa [23]. A study of wheat 
blast disease, caused by species within the fungal genus 
Pyricularia, compared strains of these different species 
isolated from wheat and rice fields across Brazil. They 
found that contrary to the previously held thought that 
wheat blast disease emerged through a host jump from 
strains infecting rice, the pathogen likely emerged 
through a host jump from a population infecting wild 
grasses [23,24]. Further work on this fungal genus deter-
mined that Pyricularia oryzae isolates from ryegrass show 
evidence of recent evolutionary events, and that gene-for-
gene interactions resulted in resistance of common wheat 
to these isolates of Pyricularia oryzae [25]. These techni-
ques could also be applied to findings like that of Gold 
et al. [26], who observed competitive exclusion between 
species of Microbotryum fungi during infection of Silene 
vulgaris. These observations are consistent with previous 
findings of a positive correlation between genetic distance 
and antagonistic interaction among Microbotryum, and this 
segregation among host plants may contribute to barriers 
to gene flow between species [27]. Badouin et al., [28] 
further identified putative candidate effector genes from 
genomic regions that harbor signatures of selective 
sweeps in Microbotryum lychnidis-dioicae and M. silenes-
dioicae, causing disease on S. latifolia and S. dioica, respec-
tively. How a pathogen is able to expand its host range has 
been of great interest as emerging infectious diseases 
increase, with a new focus on the role of pan-genomes in 
pathogen emergence and adaptation. A pan-genome 
refers to the set of all possible genomic sequences that 
can belong to an organism or organisms within a pre-
defined phylogenetic clade. Comparative population 
genomic studies have revealed the existence of intra-
specific pan-genomes in bacteria and fungi that may 
contribute to niche specialization, pathogenicity and host 
specificity [29,30]. Complementing studies like those of 
Microbotryum species with hypothesis-driven population 
genomic approaches applied to closely related species 
could provide clear evidence of the evolutionary history 
and potential of a system as it relates to within-host 
microbial interactions.
Measures of genetic structure and diversity of plant 
pathogen populations are also commonly used to investi-
gate their evolutionary history and their potential to 
generate new variation in traits that influence interactions 
with their hosts [23,31,32]. For example, Walker et al.,
[33] investigated population subdivision in the multi-
host fungal pathogen, Botrytis cinerea, and found a weak 
association between population structure and geography 
but a clear differentiation by the host plant of origin. We 
believe extending these investigations of population 
structure to populations with known within-host micro-
bial interactions could determine if there is an association 
between population subdivision and presence/absence of 
other microbes. One could, for instance, sequence indi-
viduals of a given plant pathogen species from hosts thatare or are not coinfected with another pathogen. This
would elucidate the effects these interactions may have
on the evolutionary dynamics of pathogens.
Genome-wide association studies (GWASs) of plant
pathogens aim to determine the genes responsible for
specific phenotypes, including those potentially modu-
lated by the microbial community. Talas and McDonald
[34] quantified intraspecific variation in traits like aggres-
siveness in isolates of Fusarium graminearum, a common
fungal pathogen of wheat, barley, and maize. They used
RAD-seq to conduct a GWAS of these isolates. The study
identified a gene encoding a RAS GTPase-activating
protein as an important contributor to aggressiveness
(reviewed in Ref. [23]). Panka et al. [35] characterized
intraspecific variation in the suppressive effect of the tall
fescue endophyte Epichloë coenophiala on the pathogen
Rhizoctonia zeae. The suppressive effect of the endophyte
on pathogen infectivity and growth ranged from 30% to
52% (a significant parasite isolate x endophyte interac-
tion), indicating standing genetic variation for parasite
traits conferring partial resistance to, or tolerance of, the
suppressive effects of the endophyte. More studies need
to incorporate measures of intraspecific variation in the
effects of within-host microbial interactions on patho-
gens. Complementing such studies with GWASs would
allow the genes contributing to the responses of patho-
gens to these microbes to be identified.
Recent work suggests that not all plasticity is adaptive
and that selection could be functioning to increase the
degree of plasticity and the maintenance of genetic
mechanisms that promote diversity. For example, despite
any known function of secondary metabolite aflatoxin in
pathogenesis and microbial competition, recombination
hotspots have been shown to associate with qualitative
and quantitative differences in aflatoxin concentrations in
Aspergillus [36,37], lineage-specific gene loss has occurred
in the aflatoxin gene cluster in A. flavus [38], and balanc-
ing selection has maintained chemotype-specific lineages
in A. parasiticus [39]. Aflatoxin has no known function in
pathogenesis or microbial competition, but may have
necessary, nonspecific functions in nature, such as niche
retention and defense against opportunistic pathogens
[40]. Secondary metabolites can often be involved in
interactions between microbes, and conversely, microbial
interactions can also affect the production of secondary
metabolites [41]. Performing studies like those used to
characterize the genetic patterns underlying aflatoxin
production to investigate other secondary metabolites
involved in microbial interactions would facilitate a better
understanding of related evolutionary dynamics.
Integrating across levels
Population genetic processes can drive shifts in plasticity,
and plasticity can facilitate or constrain the population
genetic process of adaptation. Often investigated in
isolation, these two evolutionary forces inherently co-
occur within a population of pathogens. To date, it
remains unclear how the connection between these
two evolutionary forces shapes pathogen–phytobiome
interactions. The only field experiment testing the con-
nection between plasticity and adaptation [42], con-
ducted using Trinidadian guppies (Poecilia reticulata),
supports models predicting that adaptive plasticity con-
strains evolution [43] and that non-adaptive plasticity
potentiates evolution by increasing the strength of
directional selection [44].
Standard theory for evolution of virulence in pathogens
has only recently started to incorporate phenotypic plas-
ticity [45–47] even though both the evolution and phe-
notypic plasticity of virulence requires genetic control.
Phytobiome experiments that parallel the work in
P. reticulata could provide a means of exploring this
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ancing selection (Figure 1).
For these cross-level questions, foliar fungal pathogens 
offer a tractable system. As evidenced in this review, foliar 
fungal pathogens exhibit plastic responses to within-host 
microbial interactions, and these interactions can have 
important effects on population dynamics. For most foliar 
fungal pathogens, individuals can be visually distinguished, 
allowing for individual-level and population-level studies 
to be readily integrated, and are able to be manipulated 
experimentally [49,50]. Finally, fungi are an important 
component of the microbiome within leaves, making them 
a useful model for microbiome biology [51].
Conclusions
We suggest that the microbial community surrounding a 
plant pathogen shapes both that pathogen’s immediate 
phenotype and its evolutionary potential. Ultimately, 
proof of this idea requires interdisciplinary approaches 
spanning ecology, evolutionary biology and plant pathol-
ogy that integrate individual-level and population-level 
studies. To date, most studies of the effects of within-
plant microbial interactions are at the individual level, 
focusing on the plastic responses of individual parasites to 
coinfecting microbes. Studies of population-level 
responses to microbial interactions are currently limited; 
conducting more such studies would increase understand-
ing of how microbial interactions affect evolutionary 
responses, which in turn will give new insight into how 
virulent plant pathogens arise. Furthermore, integrating 
individual-level and population-level studies of the same 
system would provide much needed insight on the con-
nection between phenotypic plasticity and evolution. 
Such integration would be invaluable when considering 
short-term and long-term results of disease management 
efforts related to emerging diseases and pathogens 
expanding their host range. Foliar fungal pathogens offer 
a tractable system to apply such a paradigm. With more 
population-level studies looking at the evolutionary 
effects of within-host microbial interactions, and the 
integration of this population-level data with data from 
the individual level, we will be able to improve ecological 
and evolutionary understanding of plant pathogens.
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